[1] GPS L1 C/A signal scintillation data were collected at the equatorial anomaly over a period of three months using five receivers spaced on magnetic east-west and north-south axes to examine the speed, orientation, shape, width, and duration of GPS scintillation fade patterns. The nighttime speeds were primarily eastward in the range of 100-200 m/s with a significant spread to both larger values and negative (westward) values as expected, given the known behavior of ionospheric drifts and GPS signal path movement. The characteristic velocity was found to be small so that the true velocity was equal to the apparent velocity to a very good approximation. The orientation of the scintillation fade patterns was organized by a simple projection model of the magnetic field along the GPS signal path onto the horizontal plane when the signal paths were aligned no closer than 60°from the magnetic field. The shape of the scintillation fade pattern was greatly elongated in the magnetic north-south direction, and no change could be detected over a distance of 1 km. The east-west widths of the scintillation fade patterns were variable, but after normalizing to the elevation angle, accounting for the fade orientation, and eliminating signal paths within 60°of the magnetic field, an organized scale length of about 450 m was determined. The duration of the scintillation fade patterns was examined using the optimal cross-correlation amplitude as a measure of change. For a 5 s duration, 49% of the optimal cross-correlation amplitudes exceed a value of 0.8.
Introduction
[2] The propagation of electromagnetic waves through turbulent media produces scintillations through diffraction. Frequently, turbulent media occur naturally, such as in the interstellar medium, the solar wind, and the ionosphere [Yeh et al., 1975; Yeh and Liu, 1982; Tokumaru et al., 2000; Rickett, 2001; Vats et al., 2001] . In these cases, investigating scintillations yields information about the process of diffraction in random media, the bulk properties of the media in which the turbulence is embedded (such as flow), and the nature of the turbulence producing the diffraction. These investigations have led to new discoveries and are a powerful technique for probing distant cosmic plasmas. Conversely, in some examples, scintillations are less welcome. They degrade signal amplitude, introduce phase fluctuations, and, in the case of trans-ionospheric propagation of satellite signals, can make the links unusable. Hence understanding the physical nature of scintillations is important for engineers and technologists as well as for scientists. As the use of communication and navigation signals originating from satellites becomes increasingly embedded in our technological fabric, including safety-of-life applications, a clear understanding and description of ionospheric scintillations becomes essential.
[3] Typically, the study of ionospheric scintillations has focused on reduced data sets or indirect measures of scintillation activity. For example, the S4 index is a measure of the signal amplitude RMS fluctuations compared to the mean value of the signal amplitude. An indirect approach such as ROTI (root mean square of deviation of dTEC/dt) examines changes in TEC values to infer the presence of scintillations [Aarons et al., 1997; Musman et al., 1997; Pi et al., 1997; Beach and Kintner, 1999] . These methods are particularly useful for understanding the climatology of ionospheric scintillations and answering the questions of when, where, and how much [Aarons, 1982; Aarons et al., 1983; Aarons, 1993; Doherty et al., 2000] . These measures are also useful for nowcasting, prediction, or the validation of ionospheric simulations and models. However, the analysis of reduced data sets does not address the questions of size, shape, orientation, speed, and duration of the fading scintillations patterns.
[4] GPS signals are affected by ionospheric scintillations. GPS receivers operate by tracking the signal code and/or carrier phase with a tracking loop to detect time of arrival. Several different kinds of tracking loops are used, depending on the application and design choices but all of them are sensitive at some level to reduced signal amplitude and the duration of the reduced signal amplitude. How a GPS receiver responds to ionospheric scintillations depends partly on the receiver design and partly on the signal fade characteristics in the receiver reference frame, which may be moving. Earlier, Kintner et al. [2001] demonstrated that the duration of a scintillation signal fade will depend on the motion of a GPS receiver, since signal fades are produced by a spatial pattern of amplitude fluctuations translating across the ground at a speed given, in part, by the ionospheric flow and, in part, by the motion of the signal puncture point in the ionosphere. This paper is partially an extension of the Kintner et al. [2001] paper that further examines the properties of signal fades and the conditions leading to velocity matching or resonance. These observations are important in understanding how airborne GPS receivers will respond in a scintillating environment. Additionally, it is of interest to scientists designing and investigating scintillation experiments, to GPS systems designers who need to understand the detailed properties of scintillations, and to scientists investigating the ionosphere and plasma irregularities.
[5] This paper is organized by first briefly reviewing the study of ionospheric scintillations and then describing an experiment to investigate the properties of GPS L1 signal fades at the equatorial anomaly. This experiment led to a large data set collected over a period of three months using multiple receivers with spatial separations of several hundred meters to nearly 1 km. From this data set the rapidly sampled amplitudes are reduced to cross-correlation and autocorrelation functions and parameters describing those functions. Using these parameters, we then investigate the speed, orientation and shape, size, and duration of GPS L1 signal fades in the C/A code. In reading this paper, it is important to realize that the temporal fluctuations in signal amplitude, produced by diffraction in a turbulent ionosphere and experienced by a stationary receiver, are the result of a spatial pattern translating across the ground and evolving more slowly in its own reference frame. We will refer to both the temporal fluctuations and the spatial pattern as scintillations.
Overview of Ionospheric Scintillations
[6] Scintillations are typically produced in a turbulent medium where small changes in the index of refraction produce scattering. For the case of radio waves in the earth's ionosphere, whose frequencies are much larger than the electron gyrofrequency (1 -1.5 MHz) and the electron plasma frequency, the index of refraction becomes 
where w pe is the electron plasma frequency ( ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 4pn e e 2 =m e p ), w is the radio wave angular frequency, and n e is the ionospheric electron density. Since w pe 2 / n e , the most significant scintillations will occur where the ionospheric electron density is the largest if the ionosphere is turbulent. The ionosphere is most dense at the equatorial or Appleton anomalies where diurnal tides in the thermosphere force the equatorial plasma upward during the day. This plasma then flows down magnetic field lines to regions roughly ±15°from the magnetic equator where the electron density may reach values of a few 10 6 cm
À3
. These regions of enhanced density form during the day and last through the evening hours or longer, depending on the altitude and associated recombination time. The anomalies also show an 11-year, solar-cycle dependence since the ionosphere is produced by solar EUV radiation, which is more intense and variable during solar sunspot maximum.
[7] After sunset, at the magnetic equator the F region ionosphere, where most of the ionospheric electron density is contained, frequently becomes turbulent and produces absolute levels of electron density fluctuations exceeding those typically found anywhere else in the ionosphere. This phenomenon is called equatorial spread F and has been studied extensively for more than 5 decades. The morphology of equatorial spread F has been well documented, including its seasonal dependence and its day-to-day unpredictability [see, e.g., Farley et al., 1970; Kelley et al., 1976; Woodman and La Hoz, 1976; McClure et al., 1977; Fejer et al., 1981 Fejer et al., , 1999 . The spectral range of density fluctuations within equatorial spread F has also been well documented through remote sensing and in situ measurements, which show a range from hundreds of km to cm. For the most part, the irregularities are carried as a passive scalar in the ionospheric reference frame, which is primarily eastward during darkness but with substantial vertical components during the early evening [Hysell, 1999] .
[8] The general picture of equatorial scintillations has been well established at many levels: statistical comparisons, single-event studies, and in situ measurements [Basu et al., 1977 [Basu et al., , 1980 Basu and Basu, 1981; DasGupta et al., 1983; Aarons et al., 1996; Aarons, 1997a Aarons, , 1997b Abdu et al., 1998; Beach and Kintner, 1999] . These studies conclude that transionospheric radio wave scintillations are most significant within the equatorial anomalies and most directly associated with equatorial spread F. At L-band frequencies the scintillation fade amplitudes can exceed 20 dB. Aarons et al. [1983] and Basu et al. [1986] first realized that equatorial irregularities, particularly those associated with the anomalies, could produce fading at GHz frequencies and potentially affect GPS signals. This realization was confirmed with simultaneous radar and GPS measurements of TEC [Kelley et al., 1996] . Many examples of GPS receivers being used to observe the disturbed equatorial ionosphere and simultaneously having their performance degraded now exist, both on the ground [Bishop et al., 1994; Kintner et al., 2001] and in space Kramer and Goodman, 2001 ; P. R. Strauss et al., GPS occultation sensor observations of ionospheric scintillation, submitted to Geophysical Research Letters, 2002] .
[9] One feature of equatorial spread F scintillations was discovered by observing fades from an airplane at VHF frequencies . Investigators observed that occasionally the time span of individual fades was greatly extended and concluded that the airborne receiver was matching the velocity of the drifting scintillation fade pattern. Kintner et al. [2001] demonstrated that this was also a feature of GPS signals in which GPS signal puncture-point velocities sometimes could balance the ionospheric drift velocity to create lengthened fades in ground-based, stationary receivers and potentially in airborne receivers. In fact, it is more likely to occur in airborne receivers where velocity matching conditions are less restrictive. Given the potential to resonate with moving fades and the potential for GPS receiver tracking to fail in the presence of deep and lengthy fades, a description of fading properties in the spatial domain and the drifting reference frame is required. The description is required, for example, to understand how resonance will occur when the fade drift velocity is primarily east-west, while airborne receivers typically have both east-west and north-south velocity components. In this paper we provide the missing description to complement decades of work in characterizing scintillations as a temporal phenomenon in a static reference frame.
Experimental Design
[10] To investigate the size, shape, speed, and duration of ionospheric scintillation fade patterns we chose the location of Cachoeira Paulista, Brazil because it is located under the equatorial anomaly at a magnetic latitude and longitude of about À17°and 22°, respectively, and because the Instituto Nacional de Pesquisas Espaciais (INPE) operates a large facility capable of running our receivers. The campaign was conducted from January through March, 2001 . Five Cornell scintillation receivers (SCINTMON) based on the Plessey chip set were used to record GPS L1 C/A amplitude data at 50 samples per second. These receivers record the wideband signal amplitude on 11 channels and compare it with the noise level measured on a 12th channel (which is not tracking) to yield signalto-noise ratios for up to 11 satellites. This receiver has been used extensively in the South American sector, and a Linux-based version displaying real time S4 data from several stations can be viewed at the following web site: http://gps.ece.cornell.edu.
[11] Figure 1 shows the five receiver locations in a roughly right-angle configuration. The receivers are labeled U, V, W, Y and Z. Receivers W and V are located in the magnetic west direction from U with a maximum westward separation of 715 m while receivers Y and Z are located in the magnetic northward direction with a Table 1 using magnetic coordinates, assigning the U receiver to the origin, and letting west be in the Àx direction while north is in the +y direction. The geographic coordinates of the U receiver were a latitude of À22.688601°and a longitude of À44.999929°.
[12] The relatively large separations for the receivers were chosen because previous shorter separations were not able to resolve the characteristic velocities of the scintillation fade patterns [Briggs et al., 1950; Kil et al., 2000] and because we wished to investigate the north-south extent of the scintillation fade patterns. This latter point will take on special significance when we consider the fade orientation. In addition, all antennas used a ground plane and were more than 100 m from any reflecting object, producing a very low multipath environment.
[13] The five receivers were operated each night as continuously as possible for the three months of the campaign. In the data analyzed below we will make use of receiver set U, V, and W and the receiver set U, W, and Z. For the receiver set U, V, and W, data were collected on 45 nights. For the receiver set U, W, and Z, data were also collected on 45 nights with about 80% overlap with the U, V, and W data. This yielded a very large data set of about 40 Gbytes.
[14] This large data set was reduced in size by creating normalized autocorrelation and cross-correlation functions and by recording key parameters from these correlation functions. Figure 2 shows an example of cross-correlation functions among some of the receiver pairs for a single satellite signal. The autocorrelation and cross-correlation functions were constructed from 40 s of data sampled at 50 samples per second. For each correlation function we recorded the correlation peak value (just 1 for the autocorrelation function), the correlation function width at the 3 dB point (0.5 of the peak value), the lag of an associated cross-correlation function yielding the maximum (or optimum) cross-correlation value, and the times at which the autocorrelation function has the same value as the peak value of the crosscorrelation function. This last point will be significant when we consider the characteristic velocity of the scintillation fade patterns in section 4. In general, we selected data when S4 > 0.5 and the elevation angles of the satellites were greater than 10°. By only reflecting data above the large S4 floor, virtually all multipath effects were eliminated. In addition, if the peak value of the cross-correlation function was less than 0.3 we rejected the data because of the possibility of identifying a false peak. This process of selection yielded 10,214 simultaneous correlations over 45 days for each of the U, V, and W receivers, and 9097 simultaneous correlations over 45 days for each of the U, W, and Z receivers.
[15] The next step was to validate the analysis technique by making a simple comparison of velocity through examining cross-correlation functions between the U-W, U-V, and V-W receiver pairs. Figure 3 shows the velocity (m/s) estimated with the receiver pairs U-V compared to the velocity estimated with the receiver pairs U-W in the upper panel, and in the lower panel, the velocity estimated with the receiver pairs V-W compared to the velocity estimated with the receiver pairs U-W. These velocities represent the true velocity as opposed to the apparent velocity, which is discussed in section 4. Under the equatorial anomalies, ionospheric velocities are primarily east-west with values of up to a few hundred meters per second [Kil et al., 2000] . To obtain the scintillation fade pattern velocity, the GPS signal puncture-point velocity must also be included, which ranges from À100 m/s to 300 m/s . The large velocity values (greater than 500 m/s) seen in Figure 3 are apparently real but not as common as the figure suggests. The large velocities may result from Figure 2 . Examples of normalized cross-correlation functions between different receiver pairs for a single GPS satellite signal. Note that the receiver pair aligned northsouth (U-Z) has larger optimal correlation values and smaller times of optimal correlation compared to the receivers in the east-west direction (U-V, V-W, and U-W). See color version of this figure at back of this issue.
large vertical motions of irregularities within developing spread F bubbles mapping into the horizontal direction [Kil et al., 2000 [Kil et al., , 2002 D. Hysell, personal communication, 2002] . Each panel of Figure 3 contains about 10,214 points, of which the vast majority are less than 500 m/s. Since the three receiver pairs should be measuring the same velocities, both examples should show a straight line with a slope of 1 and an intercept of 0. The least squares fit coefficients of a straight line are shown in each panel. The results are adequate to proceed but disappointing. The U-V receiver pair form the shortest baseline and yield the coefficients in most disagreement with those expected. Some of the divergent values can be attributed to the short baseline. Fortunately, these results can be made more rigorous. As a result of the fade properties demonstrated later in this paper, we will show in the conclusions how to select data that yield an excellent fit.
Velocity Measurements From the Drifting Scintillation Fade Patterns
[16] Ionospheric drift velocities at the magnetic equator and the anomalies are controlled by tidal winds and dynamo electric fields. During the day the F region is driven westward through coupling to the E region and neutral winds. During the night the E region conductivity decreases, releasing the F region to drift eastward. This typical pattern has been established at the equator with incoherent scatter measurements [Woodman, 1972; Fejer et al., 1981] , using satellite measurements of electric field [Aggson et al., 1987; Coley and Heelis, 1989] , observing the drift of total electron content depletions [Abdu et al., 1985b] , following the movement of ionospheric structure in airglow images [Mendillo and Baumgardner, 1982; Sobral and Abdu, 1991; Tinsley et al., 1997; Mendillo et al., 1997] , and by observing the drift of scintillation fade patterns from geostationary satellite signals [Abdu et al., 1985a [Abdu et al., , 1987 Basu et al., 1991 Basu et al., , 1996 Valladares et al., 1996] . More recently, Kil et al. [2000] have used GPS satellite signals to determine ionospheric drifts. The typical pattern of equatorial F region ionospheric drifts has been established beyond doubt. However, there exist departures from this typical pattern during periods of magnetic storms that are not understood but nonetheless produce, for example, brief periods of westward drift at night. Our goal here is not to infer ionospheric drifts but rather to establish the characteristic features of scintillation fade pattern drifts observed by ground-based or potentially airborne GPS receivers. Ionospheric drifts and fade drifts differ by the GPS signal puncture-point velocity.
[17] Briggs et al. [1950] have pointed out that the naïve approach to measuring the drift speed of scintillation fade patterns is to develop the cross-correlation function between two receivers separated by a distance z 0 . The time lag, t 0 , is determined from the shift of the cross-correlation function's maximum value. Then the drift speed is just given by z 0 /t 0 . This is called the ''apparent velocity.'' On the other hand, the scintillation fade pattern is also evolving with time, which makes the definition of speed more complex. Another legitimate definition of speed is that given by the motion of an observer in which the scintillation fade pattern evolves most slowly in time or, in the words of Briggs et al. [1950] , ''the velocity of an observer who has so adjusted his motion over the ground that he experiences the slowest possible speed of fading.'' This velocity is called the ''true velocity'' and, in general, it is not the same as the apparent velocity. [18] Figure 4 illustrates the difference between the true and apparent velocities. Shown are correlation surfaces in one spatial dimension and time. In this representation the correlation surfaces are assumed to be ellipses. At the origin the value of the correlation surface is one and it monotonically decreases away from the origin in both space and time. Correlation function values are given by making a vertical cut in this space. For example, the autocorrelation function is given by the correlation surface values corresponding to a vertical cut through the origin. The cross-correlation function at the spatial location z 0 is given by the correlation surface values found on the vertical cut intersecting the spatial axis at z 0 . The maximum value of this cross-correlation function occurs at time t 0 , so in this representation the apparent velocity is just given by motion along the arrow V 0 .
[19] The true velocity is given by the motion of the observer in which the scintillation fade pattern evolves most slowly. In Figure 4 this is represented by the motion of an observer in which the correlation surface decreases most slowly, which is found by determining the spatial separation to yield a maximum in the correlation surface for a given time, that is, the maximum of the correlation surface found along a horizontal cut in Figure 4 . To summarize, an observer located at z 0 will measure a cross-correlation function given by the values of the correlation surface on a vertical cut. The maximum of the cross-correlation function will occur at time lag t 0 and the apparent velocity will be given by z 0 /t 0 . At the point (z 0 , t 0 ) the correlation surface has a value r. All of the points on the correlation surface with a value r form an ellipse. Following this ellipse around to the point of maximum time delay, the time t 1 is determined with spatial separation z 1 . The true velocity is then given by motion along the arrow V where, for a given value of r, the maximum time delay or lag occurs. For purposes of the calculation below we also need to define the time delay t 0 in order to agree with Figure 4 .
[20] Using straightforward geometrical arguments and assuming that the surfaces of constant cross-correlation amplitude can be represented by ellipses, Briggs et al. have shown that the true velocity is related to the apparent velocity by
where V 0 is the apparent velocity and t 0 is the time at which the autocorrelation function takes on the peak value of the cross-correlation function. Briggs et al. also define a characteristic velocity, which is a measure of the scintillation fade pattern change rate in the true velocity reference frame and is given by
where the denominators of the two equations above are slightly different. The space shift, x 0 , for equal values of correlation is defined as shown in Figure 4 . One may understand the characteristic velocity by noting that V/V C = x 1 /x 0 . The space shift x 0 will scale with Fresnel length. Hence, within a constant, V/V C is the ratio of distance traveled at the true velocity compared to the Fresnel length for equal values of correlation. Alternatively, the ratio t 0 2 /t 0 2 determines the extent to which the apparent and true velocities are equivalent. shown in Figure 4 , and including the corrections (arising from random changes in the scintillation fade pattern) to calculate the true velocity from the apparent velocity is required.
[21] Figure The lower border of the occurrence distribution is nearly constant at about 100 m/s. This may be the influence of the GPS signal F region puncture-point velocity, which typically adds several tens of m/s to the ionospheric drift velocity .
[22] This occurrence distribution in the middle panel is calculated from the same correlation functions used in the top panel and is represented as a contour plot showing the number of occurrences in bins of dimensions 0.5 h by 5 m/s. The principal feature of this plot is that the characteristic velocities are much smaller than the true velocity, implying that most of the scintillating amplitude fluctuations observed by a stationary receiver are the result of a translating but otherwise static scintillation fade pattern. The corrections to the apparent velocity required to yield the true velocity are small. Furthermore, the random changes in a scintillation fade pattern produced by the evolving ionospheric diffraction screen are small. This fact is emphasized in the lower panel where the occurrence distribution of t 0 /t 0 is shown. The bulk of the distribution (89%) is found at values of t 0 /t 0 > 5 where corrections to the apparent velocity from random scintillation fade pattern changes, yielding the true velocity, are about 4% or less. Hence one would expect that a receiver moving at the true velocity (equation (2)) would experience much longer fades than those experienced by a stationary receiver.
[23] The occurrence densities may be converted to probability densities by dividing the values in Figure 5 by the total number of measurements possible in a period of 0.5 hours over the observing period of 45 days. For a single satellite this is 2025 possible correlations. The initial data analysis did not record the number of satellites visible during each 40 s period in which a correlation could be made, but typically 8-10 satellites were visible. Assuming that 9 satellites were visible on average and noting that the largest occurrence densities were about 200 per bin (top panel), the highest probability represented in Figure 5 is 0.011 per bin per satellite. Alternately, for all satellites in view, the largest probability represented in Figure 5 (top panel) is about 0.1 per bin.
[24] The occurrence distribution of negative (westward) true velocities as a function of local time is shown in Figure 6 . The distribution is represented as a contour plot of the number of occurrences in bins with dimensions of 0.25 h by 25 m/s. The distribution of negative velocities has several differences when compared to the distribution of positive velocities. First, there are far fewer occurrences of negative velocities: 907 compared to 9307 positive velocities measured. Next, the negative velocity distribution is more episodic, with individual events dominating the distribution and producing the apparent vertical ''stripes.'' Like the positive velocity distribution, the first few hours after sunset are variable with the distribution displaying an extended tail toward larger negative velocities. However, the distribution over the course of the night shows a large spread from 25 m/s to 200 m/s. We conclude from this distribution that negative (westward) velocities are more likely to be measured during periods when spread F is developing or during brief periods of magnetic activity [see, e.g., Kil et al., 2000, Figure 5; Sobral et al., 2001] .
[25] The eastward velocity of scintillation fade patterns shown in the preceding figures yields a one-dimensional picture of velocities for comparison with aircraft velocities (typically 50 to 200 m/s) and for evaluating the possibility of velocity matching or resonance. While the scintillation fade pattern velocity may be primarily onedimensional, aircraft velocities are two-dimensional, in general, having as much of a north-south component as an east-west component. So, to consider how a moving receiver may resonate with a scintillation fade pattern, we also need to evaluate the shape and orientation of the scintillation fade patterns, as is described next.
Shape and Orientation
[26] GPS scintillation fade patterns are produced when ionospheric irregularities produce a diffraction screen with structure at the Fresnel length. Since the irregularities are believed to be organized by the magnetic field, the scintillation fade patterns should reflect this organization. Optical measurements clearly show the structure of long scale-length (>10 km) irregularities following the magnetic field [Mendillo and Baumgardner, 1982] . This belief suggests that the scintillation fade patterns should be greatly elongated and aligned in the magnetic north-south direction. These are the two properties that we examine next, beginning first with the subject of orientation and ending with the subject of elongation.
[27] Figure 7 demonstrates how the scintillation fade patterns are organized, using a simple model of a flat earth and the idea that the fades are similar to the shadow of a picket fence cast in the direction of the GPS signal. This view shows the projection of a magnetic field line along the path of a GPS satellite signal onto the hori- 
[28] The projection angle f can also be measured using the U, W, and Z receivers. Figure 8 shows the eastward drift of a scintillation fade pattern surface in schematic form. The projection angle f can be calculated by knowing the separation of the U, W, and Z receivers and the lag times in the U-W optimal cross-correlation and the U-Z optimal cross-correlation. If the east-west distance between U and W is l WU and the north-south distance between U and Z is l ZU , the relationship between the projection angle f and the lag times becomes
Surprisingly, this relation holds even if the drift velocity has a north-south component (see Appendix A). Small corrections must be accounted for, since the WUZ triplet does not form an exact 90°angle and we have accounted for these in the calculations that follow, although they make no perceivable difference in the results.
[29] To test this simple model for explaining why scintillation fade patterns are not aligned in the northsouth direction, we have compared the calculated projection angle (equation (4)) with the measured projection angle in Figure 9 . If the model is valid, the locus of points in Figure 9 should be arranged on a line of slope 1 and intercept 0, shown as a red line. The top panel shows the results of comparing all points passing the test of S4 > 0.5 and elevation angles greater than 10°. The graph strongly suggests that the model can explain some of the data but there are large departures from the model that are not easily explained. We examined both the possibility of vertical flows and the effects of a spherical earth, which could not explain the pattern observed. One factor does account for a substantial fraction of the anomalous results. For signal paths closely aligned with the magnetic field direction, the simple projection model fails. This leads to the lower panel where the distribution of measured projection angles agrees very well with calculated projection angles. In the lower panel we have eliminated all points where the signal path was aligned within 60°of the magnetic field. This is a large portion of the sky, although much of the eliminated solid angle is below the horizon. It reduces the number of data points to one-third of the value in the upper panel, which can be partially understood by noting that northward field lines map to lower altitudes at the equator and are more likely to participate in equatorial spread F than the southward field lines. The set of points roughly perpendicular to the red lines in Figure 9 represent less than 0.5% of the data and are not considered significant.
[30] The somewhat arbitrary choice of 60°to create a cone around the magnetic field of eliminated data produces a set of projection angle values that agree astoundingly well with more than 90% of the points close to the predicted line. Although not shown, if the cone half-angle is reduced to 50°, a substantial number of points do not agree well. The value of 60°cannot be significantly smaller. In another study, not shown here, the satellite signal directions were examined for cases where the measured projection angle either agreed or disagreed with the calculated projection angle. The test for agreement was that the measured and calculated projection angles agreed within a factor of 20%. With this test the data set was divided almost evenly between agreement and disagreement. When the elevation and azimuths of the disagreeing signal paths were plotted, they were not distributed smoothly over the 60°cone around the magnetic field. Instead they were contained within the 60°cone and weighted toward low elevations (<40°). At this juncture we have no compelling explanation for either the existence or the distribution of the disagreeing signal paths. We simply conclude that the flat-earth projection model explains the observed results over the majority of the sky that is farther from the magnetic field direction.
[31] Given the observation that scintillation fade patterns are usually not aligned north-south, the exception being when the signal azimuth is the same as the magnetic azimuth or 180°from the magnetic azimuth, we can now examine the question of elongation; that is, how long are the fade surfaces? Since the scintillation fade patterns are evolving in their own reference frame, examining U-Z cross-correlation functions is only a valid test of elongation when the scintillation fade pattern is aligned in the north-south direction parallel to the U-Z line, that is, when the projection angle is 0. We have examined this hypothesis by plotting the mean value of the optimal cross-correlation magnitude in 5°bins as a function of the projection angle and have used all data, including those collected from signals inside the 60°h alf-angle cone around the magnetic field direction. The result is shown in Figure 10 , along with the standard deviations of the mean values at several points. As expected, the mean optimal cross-correlation values are largest at the 0°projection angle with a curious elevation in the means between +70°and +80°projection angles. The mean value of the optimal cross-correlation values corresponding to projection angles of 0 (actually within 2.5°of 0) is 0.962 and the standard deviation of this value is only 0.045. Hence over the 991 m, north-south distance between the U and Z receivers, we do not believe that we have detected any change in the scintillation fade pattern. This implies that the scintillation fade patterns are greatly elongated, more than 10 km and perhaps more than 100 km. This is certainly correct for scintillation fade patterns with small projection angles. The question of whether it is also correct for scintillation fade patterns with larger projection angles is interesting and can be addressed using other receiver pairs but again, this is the subject of a future investigation.
Fade Width
[32] The width of the scintillation fades to first order is scaled by the Fresnel radius, ffiffi ffi 2 p r F = ffiffiffiffiffiffiffiffi 2ld p , where l is the GPS wavelength of 19 cm and d is the distance to the scattering volume, which can be derived simply from a consideration of two-slit diffraction. A more rigorous consideration [Salpeter, 1967] demonstrates that, for weak scattering, the wave number spectrum of the scintillations takes on the form where F f (k) is the power spectral density of the scattering irregularities. Since F f (k) generally decreases with increasing k, usually only the first peak in F L (k) is significant, although it may be weighted toward somewhat smaller values of k. In the absence of this skew, the dominant width, L, in the wave number spectrum occurs when
or at the value L = ffiffi ffi 2 p r F = ffiffiffiffiffiffiffiffi 2ld p . If the one-dimensional scintillation fade pattern were a sinusoidal function, L would be the distance between either peaks or nulls. Once again, since the wave number spectrum will be weighted somewhat toward smaller values of k, we expect that L ffiffiffiffiffiffiffiffi 2ld p .
[33] The concept of a Fresnel radius suggests that it should be possible to discover a single organizing scale length in our data after scaling for the varying distances to the ionospheric puncture points and the fade orientation. We call this the normalized Fresnel length. We measure the width of the scintillation fade pattern by first measuring the width in time of the autocorrelation function at half maximum and multiplying the result by the true velocity deduced from the U-W receivers. This yields a length that is proportional to the scintillation fade pattern width. If the autocorrelation function was a co-sinusoid, the half-maximum width would represent 1/3 of the distance between fade peaks (or nulls), which is equivalent to L, so we multiply again by a factor of three ]. This yields a measure of the scintillation fade pattern width. To estimate the normalized Fresnel length, this width must be adjusted for the slant range to the scattering volume and for the fade orientation.
[34] The results of this analysis can be found in Figure 11 . The adjustments are shown one step at a time so the reader can weigh the effect of each correction. Figure 11a shows the results, as a function of local time, of using all of the U-W data to calculate the pattern width and shows a broad distribution. The calculated widths are distributed primarily between 400 m and 800 m but there is a long tail in the distribution extending to more than 1500 m. Figure 11b shows the results of adjusting for the slant range distance using an assumed altitude of 350 km and a slant factor of sin(E 0 ) where E 0 is the satellite elevation at the scattering location. This can be easily estimated for a spherical earth and is found in textbooks [Hofmann-Wellenhof et al., 2001] . The correction for slant range condenses the distribution somewhat, confining the bulk of the measurements to between 400 m and 650 m. In Figure 11c the results of adjusting for orientation or projection angle (cos(f)) are shown. In this case the body of the distribution has been narrowed substantially to between 400 m and 500 m. The tail in the distribution at long lengths has reduced substantially and a new tail at shorter lengths has been introduced. The tail at shorter lengths arises from previously over-estimating the fade length at large projection angles. Figure 11d shows the results after eliminating examples where the satellite signal paths were aligned within 60°of the magnetic field. Now there is a narrow, well-defined peak without elongated tails, as expected if the fade width truly is organized by the normalized Fresnel length and originates from a restricted range of altitudes. Some of the remaining distribution width likely results from varying altitudes for the scattering volume and some is likely produced by different power spectrums of the scattering irregularities. The factor of 3 relating the autocorrelation half width to the full width of the scintillation fade pattern will also vary, depending on the shape of the horizontal wave number spectrum, and may be a lower bound.
[35] To determine the most likely fade width, we have examined the distribution of fade widths for the conditions corresponding to Figures 12c and 12d ; that is, the fade widths have been corrected for the elevation and projection angle for the former case while additionally eliminating signal paths inside a 60°half-angle cone around the magnetic field direction in the latter case. The result is shown in Figure 12 where the distribution normalization factor is set to make the area under the distribution equal to 1. The two distributions are remarkably similar, with the most likely estimate of the normalized Fresnel length being about 450 m. The principal effect of removing examples where the signal path is within 60°of the magnetic field is to eliminate a tail in the distribution at short lengths (less than 300 m).
Duration of Scintillation Fade Patterns
[36] The time duration of ionospheric scintillation fade patterns is dependent on the reference frame of the receiver. For a fixed receiver the time duration is the time shift required to produce a given correlation value. If the reference frame is moving so that there is also a space shift, then the time lag at optimal cross-correlation yields a measure of the fade duration. The fade duration then becomes a function of the cross-correlation value at optimal lag. Hence the investigation of scintillation fade pattern duration implies investigating the time evolution of optimal cross-correlation values. In Figure 4 the time shift for a given correlation value r and a fixed receiver is t 0 . For a moving receiver, the reference frame producing the largest time shift for the same correlation value is moving with the true velocity given by z 1 /t 1 . Thus, to investigate the duration of scintillation fade patterns in a resonant or velocity-matching time frame implies investigating the evolution of the optimal cross-correlation values of a receiver moving at the true velocity.
[37] In Figure 5 the relation between the true velocity and the apparent velocity was investigated with the conclusion that they are nearly equal for the data set considered here. This implies that the values x 1 and t 1 are, to a good approximation, the same as x 0 and t 0 , which are measured by the spaced receivers. The large values of t 1 /t 0 (5 -15) imply that the ellipses of correlation in Figure 4 are greatly elongated, nearly forming a straight line. Consequently, to a good approximation in equation (2), the evolution of optimal cross-correlation values at the apparent velocity is the same as the evolution at the true velocity. The values of x 0 are the separation distances of U, V, and W receivers given in Table 1 and the values of t 0 are found by dividing the values of x 0 by the apparent velocity (or the true velocity). The evolution of the optimal cross-correlation values then can be investigated as a function of optimal time lags to yield the evolution in the true velocity frame.
[38] Figure 13 shows the cross-correlation magnitude occurrence frequencies for the complete data set from the U, V, and W receivers with the condition that S4 > 0.5 and elevation is greater than 10°. More than 30,000 values of optimal cross-correlation and optimal lags are shown as the logarithmic occurrence distribution, the logarithm of the number of events occurring in a bin of Figure 11c where the fade widths have been adjusted for slant range and orientation. The blue curve labeled ''paths more than 60°from the magnetic field line'' corresponds to Figure 11d and includes all data adjusted for slant range and orientation with signal paths aligned at least 60°from the magnetic field direction. See color version of this figure at back of this issue. 0.5 s and 0.02 of correlation magnitude. In addition, the mean value of the cross-correlation values in each 0.5 s bin is calculated and displayed. Figure 13 illustrates how the correlation values evolve in time in the scintillation fade pattern reference frame or, alternately, how a moving receiver in resonance with the scintillation fade pattern would measure the distribution of correlation values. The pattern is asymmetrical around 0 time because there are far more eastward or positive velocity measurements in the data set; negative time just implies westward drift. For positive times the mean value of the optimal cross-correlation distribution decreases more gradually with increasing time. At 5 s the mean value is 0.7 but by 10 s the mean value has only declined to 0.6. The occurrence distribution indicates that many of the measured cross-correlation values exceed the mean and that the most probable values are larger than the mean. Measurements of correlation values exceeding 0.9 are made up to times of at least 7.5 s. By 10 s there are too few measurements to make meaningful conclusions.
[39] In Figure 14 the distribution of measured correlation values at 5 s is shown as the number of correlation values in a bin of 0.05 width and normalized to the total number of measurements at 5 s. The most likely correlation value is 0.85, and 34% of the values occur at 0.85 optimal correlation or larger. In general, the correlation distributions are skewed toward larger values of optimal correlation. The value of optimal correlation representing significant change in the scintillation fade pattern is arbitrary but for the receiver spacing used in this experiment, the mean optimal correlation value has declined to only 0.6 at 10 s, after which there are too few measurements to reach any conclusions. An additional factor contributes to the decline in the correlation value. The data for cross correlation corresponds to the same UT intervals. A more robust method is to delay the time interval for the ''downstream'' receiver by the fade transit time between the receivers. Since a 10 s transit time is a significant fraction of the 40 s time interval used for correlation, one would expect the correlation value to decrease, even if the fade pattern is completely unchanged during the transit. Hence the correlation values in Figures 13 and 14 are a lower bound, and the true correlation values may be larger.
Discussion and Summary
[40] By measuring correlation lag values between multiple receivers, the detailed characteristics of GPS L1 C/A amplitude scintillations have been examined under the equatorial anomaly. Generally, these measurements have demonstrated that L1 fades are both spatial and temporal phenomena. In this section the results are placed in context, sources of error are evaluated, and potential opportunities for further investigations are discussed. The organization is parallel to that developed in previous sections where the subjects of velocity, orientation, shape, size, and duration are presented.
[41] The velocity of drifting scintillation fade patterns is the combination of ionospheric drift with the movement of the signal puncture point in the ionosphere. Kintner et al. [2001] demonstrated that most of the eastward GPS signal puncture-point velocities fall be- Figure 5 where the fade drift true velocity is almost completely contained within the range of 100 m/s and 300 m/s. Some measurements lie outside this range, particularly for larger velocities and early in the evening when spread F develops. Kil et al. [2000] point out that vertical ionospheric flows can be misinterpreted as horizontal flows by the spaced-receiver technique. Given that irregularities within spread F bubbles may have vertical velocities of 1000 m/s or larger (D. Hysell, personal communication) , this may lead to the apparently large eastward velocities observed during the developmental phase of equatorial spread F. Overall the maximum observed true velocities are consistent with the known values of ionospheric drift, GPS signal puncture-point velocities, and the possible confusion of vertical drifts with horizontal drifts.
[42] The minimum range of velocities is somewhat curious in the top panel of Figure 5 where there is an apparent lack of measurements at less than 50 m/s. The explanation is that drifts probably exist at these slow speeds but that it is difficult to observe them with a longbaseline receiver pair. At 35 m/s it would take more than 20 s for a scintillation fade pattern to drift from the W receiver to the U receiver. During this time the scintillation fade pattern will evolve for a variety of reasons discussed earlier. Since we have used a minimum threshold for the optimal cross-correlation value of 0.3, long delay times between a scattering source shadowing two separated receivers may yield poor correlation values and this data would be omitted.
[43] The negative velocity occurrence rates shown in Figure 6 have a behavior similar to the positive velocities but with far fewer measurements. The range of velocities is similar to the discussion in the previous paragraph but now the distribution is more sporadic and appears to be caused by a few or several discrete events. Slower velocities are discovered in the bin covering 25 m/s to 50 m/s, suggesting that, in at least some cases, optimal cross-correlation amplitudes exceed 0.3 for time lags exceeding 15 s. Again, very low velocities (less than 25 m/s) are not apparent, probably because of the very long drift times associated with the slow velocities.
[44] The middle panel of Figure 5 shows the characteristic velocity. Previous measurements of VHF and UHF frequencies suggest that it should be small compared to the true velocity [Vacchione et al., 1987; Spatz et al., 1988] and that the characteristic velocity should be somewhat larger in the early evening compared to later times [Bhattacharyya et al., 2001] . Kil et al. [2000] conclude that, for the GPS L1 signal, the characteristic velocity is so small that it cannot be measured with a baseline of 79 m because the receiver noise dominates the decorrelation produced by a changing phase screen. To overcome this problem, the experiment described herein employs a 715 m east-west baseline between the U and W receivers. In Figure 5 the characteristic velocity is a few 10 s of m/s during the development of spread F while at later times during the evening the characteristic velocity drops to 10-20 m/s. The minimum value of 8 m/s likely is set by the receiver noise levels.
[45] In the lower panel of Figure 5 the ratio t 0 /t 0 is examined to understand how significant the effect of the characteristic velocity is on the apparent velocity or, in other words, whether the apparent velocity is nearly equal to the true velocity. The apparent and true velocities are related by V 0 = V(1 + t 0 2 /t 0 2 ) so that the ratio t 0 /t 0 is a measure of how much the apparent and true velocities differ. In the bottom panel of Figure 5 the ratio t 0 /t 0 as a function of local time is shown as a contour plot of occurrence rate. The ratio increases steadily during the course of the evening as expected since the turbulent development phase of spread F is in the early evening. Nearly 90% of the ratios occur above a value of 5 with a mean value of about 10. Hence within a factor of 4% for 90% of the measurements, and with a mean difference of about 1%, the apparent and true velocities are equal. For this reason we could employ the apparent velocity in determining the duration of scintillation fade patterns.
[46] Next we considered the orientation and shape of the scintillation fade patterns. The simple projection model was introduced in which the scintillation fade patterns are organized by the projection of the magnetic field line along the signal path onto the horizontal plane, assuming a flat earth. This model worked well if signal paths within 60°of the magnetic field line were eliminated. Even if all signal paths were included, the projection model provided organization to the signals (top panel of Figure 9 ), although the departures from the simple model (primarily smaller measured projection angles compared to estimated projection angles) are difficult to explain. A separate study (not shown here) demonstrated that the simple projection model fails primarily at lower elevation angles (<40°) within the 60°cone about the magnetic field direction. The study also showed that examples agreeing or disagreeing with the simple model were about equal in number. At this point, no specific explanation seems to explain satisfactorily why about half of the measured projection angles do not fit the simple model, and resolution must await further investigation.
[47] With the understanding that scintillation fade patterns are not typically aligned north-south but in a direction characterized primarily by the projection angle, especially for angles within 45°of north-south, the shape of GPS L1 scintillation fade patterns can be examined. The question being addressed is, ''Are scintillation fade patterns greatly elongated?'' Elongation of the scintillation fade patterns is tested by examining the optimal cross-correlation amplitude for receivers separated along the axis of elongation where the axis of elongation is ordered by the projection angle. Figure 10 shows the result of this test where, as expected, the optimal crosscorrelation amplitude has a maximum of 0.962 within 2.5°of the zero projection angle. The distribution in Figure 10 was created with 9097 correlations. It did not exclude events where the signal paths were within 60°of the magnetic field, although one should note that when the satellite signal arrives from the north but at a smaller elevation angle than the magnetic field, the projection angle is near 180°and these data are not shown. The mean optimal correlation value of 0.962 with a standard deviation of 0.045 is within the resolution of the receivers; that is, the receivers have detected no change in the scintillation fade pattern over a distance of 991 m when the projected fade lies along the path between the U and Z receivers, which is very nearly magnetically north-south. This raises two further questions. Just how elongated are the scintillation fade patterns beyond 1 km, and are these scintillation fade patterns elongated for projection angles other than in the north-south direction? This data set is unable to respond to the first question. In principle, the latter question can be addressed by examining other receiver pairs, such as the W and Z receivers; this issue must await a later effort.
[48] The width of the scintillation fade pattern is determined from the product of the autocorrelation function width with the pattern drift velocity. The initial calculation yielded a distribution broader than expected from the naïve consideration that the fade widths are organized by a single scale length, the Fresnel length (see Figure 11 ). For a stationary observer the distribution of fade widths is primarily between 400 m and 700 m with an extended tail up to 2000 m. Furthermore, there is some local time dependence in the distribution which is broader at earlier local times. To investigate the existence of a single organizing scale length, the distribution of fade widths was adjusted for slant range, assuming a constant altitude for the scattering volume and a spherical ionosphere (as described in section 6), and for scintillation fade pattern orientation. This result produced a more compact distribution, with most measurements confined between 400 m and 500 m, but with distribution tails to both larger and smaller values. Finally, by excluding events whose signal paths were aligned within 60°to the magnetic field a very compact distribution was produced that was independent of local time and that yielded a well-organized scale length.
[49] The most likely scale length was determined to be about 450 m, assuming that the 3 dB width of the autocorrelation function is related to the fade width by a factor of 3. The expression for weak scattering [Salpeter, 1967] predicts that the fade width distribution should be maximal near L = ffiffi ffi 2 p r f = ffiffiffiffiffiffiffiffi 2ld p . Hence for the L1 wavelength of 19 cm this yields an altitude of 530 km for the scattering source. This is somewhat larger than the nominal altitude of an F region peak density of 350 km.
[50] A similar analysis was performed by Rino and Owen [1980] at VHF, UHF, and L-band frequencies using wideband satellite signals received at Kwajalein (see their Figure 10 ). In their case no adjustment for the projection angle was computed and details of the relation of the signal path to the magnetic field direction are not stated. They are able to show that the estimated Fresnel length divided by the scan velocity yields a lower bound to the autocorrelation half-width. This is equivalent to the estimated Fresnel length being a lower bound to the Fresnel length calculated from the autocorrelation halfwidth and drift velocity. Their plots look similar to Figures 11a and 11b with a large spread to longer lengths or longer autocorrelation half-widths. Since the magnetic dip angle at Kwajalein is about 16°the distribution of autocorrelation widths to larger than predicted values might be explained by considering finite projection angles.
[51] There are two possible error sources in the estimate of 530 km: the assumption of a 350 km altitude scattering layer in creating Figures 11 and 12 and the factor relating the 3 dB autocorrelation width to the fade width. In the former case the dependence of the measured fade width distribution on an assumed altitude is second order because the altitude assumption is only required for correcting a flat earth geometry to a spherical earth geometry. The measured altitude of the scattering will decrease but by less than 10%. The latter source of error, the relation between the autocorrelation 3 dB width and the fade width, is more problematic. The factor of 3 used here represents a sinusoidal fade pattern which is probably rare. In a different analysis, compared discretely measured velocities on a short baseline with velocities inferred from the 3 dB width of the autocorrelation function. From that comparison the factor relating the 3 dB width of the function with the fade width was found to be 3.2 to 4.6. If numbers larger than 3 are assumed for the scaling factor, the fade widths in Figures 11 and 12 become larger and the estimated altitude of the scattering source increases in altitude. The contribution of this study is not the absolute value of the Fresnel length estimated from the width but rather that the fade widths can be reduced to a single well-organized scale length. The absolute relation of that scale length to a Fresnel length and altitude requires a different experiment in which irregularity altitudes can be independently measured.
[52] The last investigation analyzed the duration of the scintillation fade pattern in the drifting reference frame. Briggs et al. [1950] point out that there are two reference frames moving at the apparent and true velocities. The true velocity frame is the reference frame in which the signal fades have the longest duration. The analysis herein demonstrated that, for GPS L1 signal fades produced by spread F at the equatorial anomaly, the true and apparent velocities are equal to a very good approximation, within 4% or better for 90% of the measurements, so that the reference frames are interchangeable. This allows us to examine the fade duration by examining the optimal cross-correlation amplitudes at the fixed receivers, associating each amplitude with a delay given by the time lag of optimal correlation. This was done for the U, V, and W receivers, yielding the distributions in Figures 13 and 14 . The result is an optimal correlation pattern that decays somewhat more rapidly before 5 s duration than after 5 s duration. After 10 s, the available data are inadequate to draw any conclusions. At 5 s duration, 49% of the optimal cross-correlation amplitudes were greater than or equal to 0.8 and 19% were greater than or equal to 0.9. Even with the smaller occurrence rates measured at 10 s duration, some optimal correlation values exceed 0.9. The question of what optimal cross-correlation value corresponds to a significantly unchanged scintillation fade pattern is complex. From a practical viewpoint it is related to receiver technology and implementation. Once a receiver loses tracking lock, the change in fade amplitude required to recover is a function of the receiver design, the mean signal amplitude, and the antenna coupling to the receiver. Receivers designed with the understanding that the fade duration will be substantially longer for moving receivers than for stationary receivers will perform better in a scintillating environment.
Conclusions
[53] GPS L1 C/A code scintillations data were collected over a three-month period from January through March in 2001, yielding about 45 nights of data for five spaced receivers. By analyzing autocorrelation and cross-correlation functions of 40 s length, the data set was reduced to a set of parameters representing the correlation functions. From these parameters we conclude that the scintillation fade patterns' apparent and true velocities are equal to a good approximation, that eastward (westward) velocities are about 90% (10%) of the total, and that the most likely range of velocities is 100 -200 m/s eastward.
[54] We also concluded that a simple projection model of fades organized by the magnetic field can explain the shape and orientation of the scintillation fade patterns. The projection model related the measured and calculated projection angles for all of the data but the relationship was only one to one for signal paths separated by at least 60°from the magnetic field. Several possibilities exist for explaining the anomalous data from signal paths of 60°or closer to the magnetic field but we could not conclude that any of them were valid. Currently, we do know that many of the signal paths aligned 60°or closer to the magnetic field yield orientations that agree with the projection model predictions. Using a discriminator of 20%, all of the results were evenly divided between agreement and disagreement with the projection model. This subject will need more analysis before being resolved. The significance of the 60°boundary is emphasized in our last figure in which Figure 3 is revisited. Experiment validity was tested in Figure 3 by examining drift velocities measured by the U-V and V-W receiver pairs compared to measurements by the U-W receiver pair. The comparisons should have been lines of slope 1 and intercept 0 but the result was not conclusive. In Figure 15 we make the comparisons again but eliminate events where the signal path is within 60°of the magnetic field. The comparison is much more satisfying this time and the best case yields a line of slope 0.994 and an intercept of 1.5 m/s. Clearly, signal paths close to the magnetic field propagate differently than signal paths farther from the magnetic field.
[55] The concept of a projection angle was then applied to understanding the shape and width of the scintillation fade pattern, resulting in scintillation fade patterns that were greatly elongated compared to 1 km and most likely with Fresnel lengths of about 450 m. The actual elongation was not measurable since the mean optimal cross-correlation amplitude was 0.962, which is indistinguishable from 1. The width of 450 m was consistent with weak scattering theory [Salpeter, 1967] that implies a single organizing scale length.
[56] Finally, we examined the time duration of the scintillation fade patterns for all signal paths in the true velocity frame, noting that, to a good approximation, the true and apparent velocities are equal. For 5 s duration, nearly 50% of the optimal cross-correlation amplitudes exceeded 0.8. At 10 s the data density had dropped to small values but there were still some optimal cross-correlation values exceeding 0.9. Overall we think that the conclusions reached in Kintner et al. [2001] are validated by this data set. Airborne receivers are likely to resonate or match velocities with scintillation fade patterns. The good news is that the distribution of orientations will reduce the number of satellites in resonance for some cases. If the receiver motion is east-west, no advantage exists.
However, if there is a north-south component of the receiver motion, the receiver will resonate only for specific orientations and projection angles.
Appendix A: Measurement of the Projection Angle
[57] The orientation of a fade surface with respect to magnetic, or geographic, coordinates can be derived from a grid of receivers measuring the relative arrival time of the fade surface at the various receivers. In this example the projection angle of a fade surface using three receivers is calculated. The assumptions are that the fade surface is one-dimensional or at least greatly elongated compared to the distance between the receivers and that the three receivers are not collinear. The velocity of the fade surface in the horizontal plane is arbitrary. Figure A1 shows this arrangement where the three receivers are labeled a, b, and c, the velocity vector is labeled V, and the normal to the fade surface is labeled k. The projection angle f is as defined in section 5. In addition, the assumption of equality between apparent and true velocities is justified in section 4.
[58] In analogy to a propagating wave the fade surface can be thought of as a surface of constant phase where k Á r À w t = 0. The phase of the propagating wave only depends on the component of V perpendicular to the fade surface, which isk Á V. So the equation of a surface of constant phase becomes jkj(k Á r Àk Á Vt) = 0 where w =k Á V/jkj. To evaluate the surface of constant phase at the different receivers, the difference vectors (b À a) = bb and (c À a) = cĉ are defined where a, b, and c describe the locations of the three receivers a, b, and c, and whereb andĉ are the unit vectors from the a receiver to the b and c receivers, respectively. Finally, the times for the surface to move from receiver a to receivers b and c are defined as t b and t c , respectively.
[59] The surface of constant phase initially measured at receiver a is then measured at receivers b and c aŝ Figure 11c where the fade widths have been adjusted for slant range and orientation. The blue curve labeled ''paths more than 60°from the magnetic field line'' corresponds to Figure 11d and includes all data adjusted for slant range and orientation with signal paths aligned at least 60°from the magnetic field direction. 
